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ABSTRACT 

The Space Storable Inter-Regen Design S t u d y  (Con t r ac t  NAS3-12059) 

was a  six-month analytical and experimental investigation for  evaluating 

selected internal ly regenerative (inter-regen) cooled RCS thruster design 

variables using the space storable propellant combination, FLOX/Propane. 

Several injector and thrust  chamber design variables were evaluated 

a t  selected coolant flow rates with a  basic program goal of demonstrating 

steady-s ta te  thruster operat ion with minimum performance degradation. 

Through the use of a  ducted-cool ant thrust chamber design, s  teady-state 

ther~nal operation was successful ly achieved with metal 1 ic (copper) 

chamber desigw, during two t e s t  f i r ings of 90 and 310 seconds run durations. 

These tes t s  represent the f i r s t  unqualified success for  the inter-regen 

RCS thrus ter  cool i  ng concept using the space storable propel 1 ants.  



1. SUMMARY 

The Space S to rab le  Inter-Regen Design Study program e f f o r t ,  Con t rac t  

NAS3-12059, cons i s t ed  o f  ana l ys i s ,  design, f a b r i c a t i o n  and t e s t i n g  f o r  t h e  

eva lua t i on  o f  s e l e c t e d  i n t e r n a l l y  regenera t i ve1  y  ( i n t e r - r e g e n )  coo led t h r u s t  

chamber v a r i a b l e s  us i ng  t h e  space s t o r a b l e  prone1 1  a n t  combinat ion,  FLOX/~ropane. 

The program e f f o r t s  were p r i m a r i l y  d i r e c t e d  toward o b t a i n i n g  a  b e t t e r  i n s i g h t  

i n t o  t he  i n t e r - r e g e n  des ign problems assoc ia ted  w i t h  RCS t h r u s t e r  des igns.  

The s p e c i f i c  program o b j e c t i v e s  i nc l uded  t h e  e v a l u a t i o n  o f  bo th  i n j e c t o r  and 

t h r u s t  chamber v a r i a b l e s  as w e l l  as a  change t o  t h e  h i ghe r  carbon con ten t  

LPG f u e l ,  propane. The o v e r a l l  t h r u s t  chamber goal was f o r  s t eady -s ta te  

ope ra t i on  w i t h  min imal  performance degradat ion and zero  t h r o a t  e ros ion .  

The program was d i v i d e d  i n t o  two tasks .  Task I i n v o l v e d  i n j e c t o r  

m o d i f i c a t i o n  and i n t e r - r e g e n  t e s t i n g  us i ng  t h e  convent iona l  f i l m  c o o l i n g  

approach. The base1 i n e  i n j e c t o r  des ign cond i t i ons  were t o  use the  p r o ~ e l l  ants 

76% FLOX/propane a t  a  nominal m i x t u r e  r a t i o  o f  4.5 w i t h  a  chamber Dressure of 

100 p s i a  ( 6 . 8 9 ~ 1 0 ~  nt /m2) and t h r u s t  o f  100 pounds (444.8 n t ) .  The two 

bas i c  i n j e c t o r s  employed had d i f f e r e n t  r e s u l t a n t  momentum vec to rs  which 

r e s u l t e d  i n  d i f f e r e n t  i n t e r a c t i o n s  between t h e  primar,y p r o p e l l a n t s  and t h e  

f i l m  coo lan t .  The t h r u s t  chamber used was a  t h i c k  w a l l ,  tapered, grooved 

copper chamber w i t h  thermocouple i ns t r umen ta t i on  t o  o b t a i n  a x i a l ,  r a d i a l  and 

c i r c u m f e r e n t i a l  thermal p r o f i l e s .  The p r imary  Task I t e s t  goals  were t o  

o b t a i n  a  comparison o f  t h e  propane coo lan t  w i t h  t h e  p r e v i o u s l y  used methane/ 

ethane b l end  (Con t rac t  NAS3-11184) and t o  determine t h e  e f f e c t  o f  t h e  p r imary  

p rope l  l a n t  r e s u l  t a n t  momentum v e c t o r  on t he  r e s u l t a n t  1  oca l  chamber w a l l  

environment and f i l m  c o o l a n t  e f f ec t i veness .  The r e s u l t s  ob ta ined  i n d i c a t e d  



that  increased f i  lm cool ant effectiveness was achieved with the oxidizer stream 

canted 30" axial ly indicating less interaction of the primary propellants and 

film coolant. With the t e s t  hardware and conditions used, no s ignif icant  

advantage of propane over methane/ethane as a film coolant f luid was indicated. 

Task I1  comprised the evaluation of a modified inter-regen chamber 

design using a metallic duct t o  protect the coolant until i t s  release into 

the chamber somewhere upstream of the throat. These chambers were employed 

to evaluate the duct cooling concept and the use of propane as a duct coolant. 

Several duct configurations resulted in steady-state operation, however, 

there was no clear  indication that propane was superior to methane/ethane as 

a ducted chamber coolant. I t  i s  significant that the ducted chambers with 

the coolant flow rates employed did not exhibit any performance losses. I n  

addition, a thrust chamber using graphitic materials was fabricated and 

tested t o  evaluate the overall erosion and carbon deposition ef fec ts .  The 

one chamber tested showed severe erosion i,n the head end region of the 

chamber, adjacent to the primary propellants impingement point on the chamber 

wall. 



2. INTRODUCTION 

The Space Storable Inter-Regen Design Study, Contract NAS3-12059, was 

an evaluation of selected internally regeneratively (inter-regen) cooled thrust 

chamber variables. This program was a continuation of the extensive anal vtical 

and experimental research conducted under Con t r ac t  NAS3-11184, Space Storabl e 

Thruster Investigation. The results of th i s  program (Reference 1 ) indicated 

certain problem areas associated with inter-regen operation using the space 

storable propellants; related principally to the high optimum mixture r a t io  

and the propel lant  physical properties. In order to achieve i nter-regen 

operation, control of the wall thermal and chemical environment i s  necessar-y 

to  l imit  the heat input to the throat and to insure that the coolant can 

absorb the heat conducted from the throat. The high optimum mixture r a t io  

1 imi t s  the amount of coolant available i f  performance losses are t o  be mini- 

mized. In addition, the physical properties of the space storable fuels severely 

l imit  t he i r  application as l iquid film coolants. The present program i s  di -. 

rected toward the circumvention of these problems. A major difference between 

this  and the previous program i s  the use of propane as the fuel and coolant in 

place of 55% methane/45% ethane fuel blend. The change t o  propane was primarily 

made because of i t s  increased 1 iquid range and theoretical carbon deposition. 

In addition to  the fuel comparison, the present program objectives were to 

evaluate the effect  of injector  modifications on the conventional fi lm coolant 

effectiveness and to  evaluate a modified chamber design employing a duct to 

protect the coolant until i t s  release into the chamber a t  a location somewhere 

upstream of the throat.  As a supplement t o  the inter-regen tes t ing ,  a single 

t e s t  employing a graphitic material thrust  chamber was conducted to determine 

chamber erosion and carbon deposition characteristics in a hot wall chamber 

des i gn . 



3. THRUSTER ANALYSIS AND DESIGN 

Ii] t h i s  sect ion,  t h 2  bas ic  t h r u s t e r  design ana lys is  e f f q r t s  a re  present  

These inc lude  + r o p e l l a n t  c h a r a c t e r i s t i c s ,  f i l m  coolat:t ana lys is ,  i n te r - regen  

analys is ,  graphi f?  chamber ana lys is  and ma te r i a l  se lec t i on .  

3.1 INTER-REGEN THRUSTER DESIGN ANALYSIS 

Before proceeding t o  the  d e t a i l e d  t h r u s t  chamber thermal desiqn ana lvs i  

i t  i s  necessary t o  determine t h e  bas i c  t h r u s t  chamber parameters. %ese are 

determined from the  opera t ing  condi t ions,  the  performance goals and the  prop 

l a n t  performance charac te r i s  t i c s .  

3.1.1 Thruster  Performance 

This program u t i l i z e d  the  space s to rab le  p r o p e l l a n t  combination 76% FLO 

(by weight)/propane w i t h  t he  f o l l o w i n g  nominal opera t ing  parameters. 

Thrust  (F) - 100 l b f  vacuum (444.8 n t .  ) 

Chamber pressure (Po) - 100 ps ia  (6.89~105 nt/m2) 

Nozzle Expans i o n  Ra t i o  (6 ) - Sea-level (4 = 1.75) 

M ix tu re  Rat io  (O/F) - 4.5 

Theoret ica l  performance data used t o  determi ne t he  t h r u s t e r  propel  1  ant  

r a tes  were obtained f rom Reference 1  and are rsproduced i n  Figures 3-1 th rob  

This y i e l d e d  the  t h r u s t e r  opera t ing  f l o w  r a t e s  f o r  var ious "core" m ix tu re  

r a t i o s  and coo lan t  f l o w  r a t e  percentages (Table 3-1 ). It should be noted t h  

these f l o w  r a t e s  ma in ta in  f i x a d  "core" f l o w  ra tes  w h i l e  va ry ing  the coo lan t  

f l ow  r a t e  f o r  a  g iven "core" m ix tu re  r a t i o .  The use o f  "core" m ix tu re  r a t i o  

r a t h e r  than o v e r a l l  m ix tu re  r a t i o  as the  f i x e d  f l ow  r a t e  parameter was pred i t  

on the  zonal performance losses associated w i t h  r a d i a l  m ix tu re  r a t i o  v a r i a t i c  

w i t h i n  t he  cmbus t i on  chamber. I t was a  requirement f o r  chamber heat  r e j e c t -  



MIXTURE RATIO, O/F MIXTURE RATIO, O F  

F i g u r e  3-1. Vacuum Specific F i g u r e  3-2. Vacuum Specific Impulse 
Impulse (C3H8) (PC Variation) (CjH8) 

MIXTURE RATIO, O/f 

F i g u r e  3-3. Equilibrium Character- F i g u r e  3-4. Equilibrium Combus tion 
istic Velocity (P Temperature (P Varia- 
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Variation) (C H ) 

3 8 
tion) (C3H8) 



Table 3-1. Thruster Operating F l o ~  Rates 

contro l  t h a t  there were mixture r a t i o  rad ia l  var iat ions w i th in  the combusti 

~ilamber. Using a s imp l i f i ed  two-zone model (Figure 3-5), the losses associ 

w i t h  zonal operation were estimated. I t was found (Reference 1 )  t h a t  the 

performnce losses are very sens i t ive  t o  the .coreu mixtur: r a t i o  and t h a t  

reduced losses can be obtained by operating the "core" mixture r a t i o  a t  o r  

near the optlmum value even fcr large coolant f l ow rates and hence low over 

mixture rat ios.  Figure 3-6 shows the spec i f i c  impulse zonal losses f o r  thc 

OUTER BARRIER ZONE 

PRIMARY (CORE ) 
COMBUST ION ZONE 

Figure 3-5, Simp1 i f i e d  Chanlber/Nozzle Zonal Model 



FLOXIpropane propellants for two operating conditions, one with the "core" 

mixture ra t io  f i r ed  a t  the optimum equilibrium value and one with the overall 

mixture r a t i o  maintained a t  the optimum value. 

3.1.2 Propel 1 ant Characteristics 

Various propellant character is t ics  are of primary importance to  the 

successful operation of an inter-regen thrust  chamber. These include combus tion 

product species, fuel decomposition and fuel coolant properties. 

Figure 3-7 shows the chamber specie concentration for  the 76% FLOX/~ropane 

propellants as a function of mixture rat io .  A knowledge of the combustion 

species i s  important because i t  indicates the need for  control of the wall 

mixture r a t io  and hence both the wall thermal and chemical environment. Of 

principal importance i s  the in i t ia t ion  of the appearance of sol id carbon a t  

mixture ra t ios  below 3.0. The thermal analyses and experimental resul ts  of the 

previous program (Reference 1) indicates tha t  carbon deposition in the throat 

was necessary for  inter-regen operation since i t  acts as a thermal barr ier  t o  

1 imit the heat input to the throat. Figure 3-8 shows the carbon mass fraction 

from each of the LPG fuels.  As seen, the higher the carbon to hydrogen ra t io  

the higher the carbon mass fraction. This i s  one of the primary reasons for  

selecting propane as the coolant on th i s  program, the other being i t s  physical 

properties and specif ical ly i t s  higher boiling point. 

The propellant physical properties are given i n  Table 3-2. The physical 

properties of principal importance to  the design of an inter-regen thrust chamber 

are  those associated with the f u e l ' s  heat absorption capabi l i ty ,  namely, 

the vapor pressure and heat vaporization (Figures 3-9 through 3-11). From a 

l iquid cooling standpoint, Figure 3-9 shows the maximum temperatures to  which 
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Tab le  3-2. P r o p e l l a n t  P h y s i c a l  P r o p e r t y  Summary 

I PROPERTY I PROPANE I 
I Chemical Formula I '3 H8 1 I M o l e c u l a r  Weight  1 44.094 

Normal F r e e z i n g  P o i n t ,  OR 
K 1 85.6 

Normal B o i l i n g  P o i n t ,  O R  

OK 

L i q u i d  D e n s i t y  a t  NBP l b / f t 3  
~ g / m 3  

I L i q u i d  D e n s i t y  a t  140°R, l b / f t 3  
I 
i 

~ g / m 3  

I C r i t i c a l  Temperature, O R  

I 
K 

C r i t i c a l  Pressure ,  p s i a  618.7 
n t/m2 1 4 . 2 6 6 ~ 1  o6 

C r i t i c a l  Volume, f t 3 / 1  b 
m3/ Kg 

a H ~ a p o r i z a t i o n  a t  NBP, J o u l  B t u / l  es/Kg b 

Thermal C o n d u c t i v i t y  a t  NBP, 
B tu / f t -h r -OR 
J o u l  es/m-sec-" K 

183.05 
4 . 2 6 ~ 1 0 5  

i 
S p e c i f i c  Heat  a t  NBP, Btu/ lb-OR 

I Joules/Kg-OK 

V i s c o s i t y  a t  NBP, l b / f t - s e c  
2 n t -sec /m 

FLOX I 

1 .1 XI 0-4 
1 . 6 ~ 1 0 - 4  



VAPOR PRES 
'VAP ('' 



SPECIFIC HEAT. 
Cp  (BTU/LB-OR) 

TEMPERATURE, 'R 

Figure 3-10. LPG Fue l  Specific Heat 

Figure 3-11.. LPG Fuel Heat of Vaporization 



each o f  t h e  LPG f u e l s  can absorb heat .  As noted, propane can absorb hea t  as 

a  l i q u i d  up t o  516OR (287OK) i n  a  100 p s i a  ( 6 . 8 9 ~ 1 0 ~  nt /m2) environment.  

However, t h e  f u e l s  can a l s o  absorb hea t  as gases bo th  through s e n s i b l e  heat  

abso rp t i on  and b y  thermal decomposi t ion.  Thus, t h e  t o t a l  hea t  a b s o r p t i o n  

c a p a b i l i t y  o f  a  g iven  f u e l  i s ,  

where 

HT = t o t a l  hea t  absorp t ion  capabi li t,y 

Ts a  t 
= s a t u r a t i o n  temperature (based on Po) 

Tin = i n l e t  temperature 

AH = heat  of v a p o r i z a t i o n  a t  the  s a t u r a t i o n  
f g  temperature 

AHG = hea t  abso rp t i on  of gaseous f u e l  i n c l u d i n g  
decomposi ti on 

F igu re  3-12 presents  t he  t o t a l  hea t  abso rp t i on  capabi 1  i t i e s  o f  t h r e e  LPG f u e l s  

and MMH f o r  comparison. As seen i n  t h e  f i g u r e ,  propane has n e a r l y  t h e  same 

1  i q u i d  heat  absorp t ion  capabi li t y  of t h e  methanelethane b u t  has a  s i g n i f i c a n t l y  

h i ghe r  l i q u i d  range. For t h i s  reason and because o f  i t s  b e t t e r  t h e o r e t i c a l  

carbon d e p o s i t i o n  c h a r a c t e r i s t i c s ,  propane was s e l e c t e d  as t h e  f u e l  f o r  t h i s  

program. Another p rope r t y  o f  importance t o  i n t e r - r e g e n  ana l ys i s  i s  t h e  f u e l  

nuc l ea te  b o i l i n g  c h a r a c t e r i s t i c s .  These were eva lua ted  i n  Reference 1.  F igure  

3-1 3 g ives  t he  exper imenta l  r e s u l t s  f o r  propane a t  two d i f f e r e n t  b u l  k  temperatures,  

3.1.3 

The exper imenta l  r e s u l t s  o f  Reference 1  i n d i c a t e d  t h a t  t h e  f i l m  c o o l a n t  

was n o t  remain ing as a  l i q u i d  on t h e  chamber w a l l s .  Previous work w i t h  e a r t h  

s  t o r a b l  e  p rope l  1  an ts  as f i  l m  coo l  ants i n d i c a t e d  c o o l i n g  e f f i c i e n c i e s  o f  30 t o  

40 percen t .  With t h e  use of methane/ethane , a  coo lan t  e f f i c i e n c y  o f  l e ss  than 



TEMPERATURE (OW) 

Figure 3-1 2. Fuel Heat-Absorption Capabi 1 i t y  



3-13a. Subcooled Pool Boi l ing  of  Propane 
(Tbulk = -8Q°F = 211°K) 

3-1 3b. Sa tu ra t ed  Pool B a i l i n g  o f  Propane 
(Tbulk = -42°F = 232°K) 

Figure 3-13. Nucleate B ~ i a i n g  Characteristics of  Propane 



10 pe rcen t  were measured. An a n a l y s i s  o f  t he  mechanisms i n v o l v e d  i n  t h e  

1 oss o f  coo l  a n t  e f f ec t i veness  i s  based on a  system which cons iders  a  c r e s t i n g  

wave o f  c o o l a n t  which i s  s t r i p p e d  f rom t h e  w a l l  by  shear w i t h  t h e  ~ r i m a r , y  

combustion gases. I n  Reference 2, an approximate energy balance on a  gas 

d r i v e n  wave o f  amp1 i t ude ,  h, i s  g i ven  by  

where 
,L3 = a she1 t e r i  ng parameter - 1  / 3  

c = wave v e l o c i t y  

k = wave number 

p = d e n s i t y  

p. = v i s c o s i t y  

The wave ve l  o c i  ty  f o r  cap i  11 a r y  t ype  waves i s  g i ven  by 

S u b s t i t u t i o n  o f  t h i s  r e s u l t  i n t o  t h e  Equat ion (3 -2 )  f o r  V >> c  g i ves  9  

Now, t h e  amp l i tude  g rowth - ra te  i s  ze ro  f o r  t he  r e c i p r o c a l  t ime  modulus 



T h i s  a l s o  d e f i n e d  a  minimum wave length  f o r  m a i n t a i n e d  waves, 

A t  t h i s  p o i n t  we now assume t h e  f o l l o w i n g  i d e a l  wave s t r u c t u r e  a t  t h e  

m i n t  o f  c r e s t - s  t r i p p i  ng 

--+ "g SHEARING PLANE 

I 

It i s  necessary  t o  have a  v a l u e  o f  t h e  parameter,  77, i n  terms o f  t h e  wave length ,  

A ,  t o  p r o g r e s s  f u r t h e r .  Such a  r e l a t i o n  i s  a v a i l a b l e  f r o m  t h e o r e t i c a l  hyd ro -  

dynami cs (Reference 3) whi ch g i  ves 

where 

Per fo rm ing  a  f o r c e  ba lance  between t h e  dynamic f o r c e ,  FD, and a  s h e a r i n g  

fo rce ,  Fp, on t h e  base o f  t h e  wave e s t a b l i s h e s  t h e  e q u i l i b r i u m  h e i g h t ,  77, 

w i t h o u t  r e q u i r i n g  knowledge o f  t h e  h /g  r a t i o  (assuming n e g l i g i b l e  s u r f a c e - t e n s i o n ) .  

T h i s  g i v e s  

17 



The actual shearing-plane occurs a t  bv and a rigorous dynamic force balance 

can now be written 

From th i s  relation the time, t for  the shared element t o  to ta l lv  
og ' 

displace can be determined. The mass-rate per wave i s  then 

n 

The number of waves per unit of length i s  l /h.  The total  stripping-rate 

per unit area i s  then 

2 Now b i s  unknown ,  as are some of the other interactions; however, the 

physical property significance can be determined t o  be 

I t  i s  immediately seen that  the stabilizing properties t o  minimize wave- 

stripping are viscosity and surface tension. With th is  resul t  the stripping 

loss-rat io  for selected f luids  can be made. 

I n  the previous program (Reference 1 ), i t  was found to be imnossi b le  Lo 

liquid film cool the combustion section of the thruster with the 55-45 methane/ 



ethane b lend coolant.  When MMH was s u b s t i t u t e d  a t  t he  same percentage f l ow  

r a t e  as a f i l m  coolant,  the combusti on sec t ion  cou ld  be l i q u i d - f  i lm-cooled 

a d is tance o f  I .  75 inches, and the  t h r u s t e r  could be operated i n  a 
* 

f i  Im/conduction mode. I t  i s  of i h t e r e s t  t o  compare the LPG and .MMH w i  t h  the  

above theory t o  determine expected behavior.  The l oss  r a t i o  i s  

P f  the  WH could cool 1.75 inches i n  the 100 l b f  LPG t h r u s t e r  propane should 

be expected t o  cool 0.5 inch, which was i n  c lose  agreement w i t h  the exper i -  

mental r e s u l t  obtained. The s t r i p p i n g  loss  i s  

The loss caused by heat  i n p u t  i s  given by 

The t o t a l  l o s s  i s  

This s i m p l i f i e d  ana lys is  y i e l d s  some o f  the reasons the LPG f u e l s  can 

n o t  be expected t o  operate i n  t he  conventional f i lm-coo led  manner and gives 

some i n s i g h t  i n t o  the  problems t o  be encountered, O f  course, f a c t o r s  o ther  

than those considered i n  the  above ana lys is  a l so  c o n t r i b u t e  t o  t h e  e f fec t i veness  

o f  a f i l m  coolant .  These inc lude n o t  o n l y  the coolant  p rope r t i es  bu t  a1 so the  

chamber and i n j e c t o r  geometries, the  f i l m  coolant  injection process dnd  the 

degree o f  turbulence i n  the combustion zone. 

* 
With a f i x e d  FLOX/LPG pr imary (core)  operat ing cond i t ion ,  Based e?n orle 
8-second t e s t .  
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3.1.4 

The b a s i c  i n t e r - r e g e n  thermal ana l ys i s  takes t h e  bas i c  chamber i n n e r  

contour  and i n t e g r a t e s  t o  determine t h e  accumulated hea t  l o a d  i n t o  t he  

chamber w a l l  s. For s teady ope ra t i on  t h i s  heat  must be removed by t h e  

coo lan t .  The chamber heat  l o a d  can be separated i n t o  two components: 

I )  t he  nozz le  heat  l oad  - t h i s  must be conducted f rom t h e  nozz le  t o  t he  

coo lan t ,  and 2 )  t h e  chamber hea t  l o a d  - t h i s  i s  absorbed d i r e c t l y  by t h e  

coo lan t .  Knowledge o f  these hea t  loads and t h e  c o o l a n t ' s  heat  abso rp t i on  

c a p a b i l i t y  a l lows  an e s t i m a t i o n  o f  t h e  coo lan t  f l o w  r a t e  r e q u i r e d  as g iven  

by:  

w - 1  4, 0, 
f  COO^ - - qf c [m+  J 

where qfc i s  t h e  f i l m  coo lan t  e f f i c i e n c y .  As p r e v i o u s l y  s t a t e d  t h e  r e s u l t s  o f  

Reference 1  i n d i c a t e d  f i l m  c o o l a n t  e f f i c i e n c i e s  o f  about 10% f o r  t h e  methane/ 

ethane f u e l  i n  t h e  convent iona l  f i l m  cool  i n g  a p p l i c a t i o n .  The Task I e f f o r t  

was p a r t i a l l y  d i r e c t e d  toward comparing t h e  propane and rnethane/ethane. These 

r e s u l t s  a r e  r epo r t ed  i n  Sec t i on  5.3.1. 

3.1.4.1 
' 

Task I 1  eva lua ted  t h e  use o f  a  ducted coo lan t  des ign t o  mod i fy  t he  

csnven t iona l  f i l m  coo led i n t e r - r egen  approach. Such a  chamber uses a  w a l l  

t o  p r o t e c t  t h e  coo lan t  u n t i l  i t s  i n j e c t i o n  i n t o  t h e  chamber a t  a  p o s i t i o n  

upstream o f  t h e  t h r o a t .  The b a s i c  purpose o f  t h e  duc t  i s  t o  inc rease  t he  

e f f e c t i v e n e s s  o f  t h e  f i l m  coo lan t  i n t o  t he  t h r o a t  r e g i o n  by i s o l a t i n g  i t  

f rom t h e  p r imary  zone i n t e r a c t i o n s / s h e a r  e f f e c t s .  The ske tch  be1 ow ill u s t r a t e s  

the duct concept and t h e  var ious  heat  i n p u t  r eg ions .  



\;j f  cool 

Q N 

For the duct analysis ,  data from Reference 1  was used t o  est imate the 

operating conditions whi ch the duct would experience. This information i s  

tabulated in Table 3-3. The use of t h i s  experimental methane/ethane heat load 

data and the propane heat absorption capabi l i ty  curve ( ~ i g u r e  3-12) r e su l t s  

Table 3-3. Duct Cooling Chamber Heat Loads 

in an estimation of the coolant e f f luen t  temperature, ( T e )  f o r  each case,  

a lso  l i s t e d  in Table 3-3. Only in the 60% coolant cases are  the e f f luen t  

temperatures near the saturat ion 1 evel. For the lower coolant flow r a t e s ,  

the coolant must absorb a  s ign i f i can t  portion of the heat input as a  gas 

fo r  successful operation to occur, 

2 1 



The next step in the design i s  to determine the shape of the duct Passages, 

which i s  determined by the coolant flow rate and heat input, The duct must be 

sized so that the coolant velocity i s  high enough to accept the heat input 

and yet keep the chamber material from exceeding i t s  temperature l imit .  For 

most cases the required coolant-side film coefficients are  so high as to-  ~ r e c l  ude 

the use of annular ducts due to the very small gaps which would be required. For 

rectangular channels the film coefficient for turbulent flow i s  given by 

which can be expressed as a  function of the flow rate ,  area per channel a n d  

the number of channels. 

if cool .8 

g = -1123 $ e ( ~ r ) ~  ( p n  )'8 ($) 
I n  order t o  achieve reasonable channel s izes ,  i t  becomes necessary t o  use 

helical channels rather than axial channels. Thermal analyses of the best case 

of Table 3-3 resul ts  in the predicted temperature distribuiton seen in Figure 3-14 

I n  addition t o  providing the required coolant velocity ( i  . e . ,  film coefficient) 

the he1 i  cal channels also provide increased heat transfer area. An additional 

advantage of the helical channels i s  the swirling motion of the coolant following 

i t s  injection into the chamber will tend to keep i t  attached to the nozzle wall. 

Two duct design approaches were evaluated during the program. One dumps 

a i l  of the duct coolant a t  the end of the duct ( total  duct) ,  while the other 

has holes dr i l led radially through the duct wall t o  admit part of the coolant 

i n t o  the chamber in a distributed manner. This second duct should be less 

effective from the stc?t?dpoint of nozzle cool ing, b u t  should have sn~all er 

performance losses. 
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Figure 3-14. Ducted Chamber Design with Best 
Case Temperature Distribution 

2 3 



3.1.4.2 

The best duct channel design not only supplies the area required fo r  

the desired coolant velocity, b u t  also acts  to  inhance the heat t r ans fe r  area 

in a manner s imi lar  t o  the  case of f i n s  in  a heat exchanger. The sketch 

below shows a section of a duct wall with one pair  of coolant channels. 

For an i n f i n i t e  conductivity mater ia l ,  the 

s ides  of the  channels a re  equally as e f fec t ive  

as the  face.  

The hot gas heat  t r an s f e r  area i s  given by 

While the coolant heat  t r an s f e r  area i s  

For the bes t  channel configuration, the coolant area ,  A,, should be greater  

than the gas s ide  (heated) area ,  A g .  

For a given channel height t o  w i d t h  r a t i o ,  H/w = C 

and 

where 



Figure 3-15 shows the area enhancement fac to r ,  A C / A ~ ,  as a  function of the channel 

height to  width r a t i o  f o r  se lected values of the channel spacing t o  height param- 

e t e r .  As can be seen, deep channels with small inter-channel spacing give the 

g r ea t e s t  heat t r ans fe r  area enhancement. This e f f ec t  would be somewhat lessened 

f o r  f i n i t e  conductivity materials .  

3.1 .4 .3  Duct Thermal Model 

A thermal model was generated f o r  use in the experimental data analysis  and 

i s  shown in Figure 3-16. Certain nodes of the model were made to  correspond to  

the thermocouple locations on the  experimental th rus t  chamber hardware. This 

model was used with the Thermal Analyzer Program (TAP) with input data coming from 

the experimental thermocouple data. The TAP program then calculated the temperature 

a t  a l l  the nodes and the heat loads f o r  each node. This data was then converted 

i n to  accumulated heat load and heat f lux  plots  f o r  the t e s t s  analyzed (Section 5 .3 .2 ) .  

3.2 GRAPHITE THRUSTER DESIGN ANALYSIS 

As a supplement to the major emphasis of t h i s  program, one graphite material 

t h r u s t  chamber was designed, fabricated and tes ted  t o  determine the e f f ec t s  of 

th roa t  erosion and carbon deposi t i  on. 

3.2.1 Design Selection 

The cooling mode selection f o r  the graphi t ic  material th rus t  chamber was primarily 

based on simplici ty of design, ease of attachment t o  the in jec to r  and cos t .  This 

resul ted  i n  the selection of an insulated design where the inner wall operates a t  

very near the local recovery temperature. Following t h i s  decision,  the selection 

of material was based on material propert ies ava i l ab i l i t y  and previous t e s t  experi- 

ence. From the previous program, stain1 ess s t ee l  cans and ab la t ive  material ( M X  2625) 

l i n e r s  were available.  However, the abla t ive  material could not be used as the 

t o t a l  insula tor  due to i t s  r e la t ive ly  low operating temperature. This meant the 

use of a composite insula tor .  The material selected as the inner insula tor  was 

P Y R O L A R E X  300," a graphi t e  composite s t ruc tu re  with high compressive strength and 

* 
A product of HITCO. 



HOT GAS-SIDE 

F i g u r e  3-1 5. Cool a n t  Channel Heat T r a n s f e r  Area Enhancem~nt  





low thermal conduc t i v i t y .  A n  i n f  i 1 t r a t i o n  process woul d have permi t t e d  the L 

o f  t h i s  mate r ia l  as the  inner  l i n e r  o f  t he  chamber; however, i t  was decided t 

i n s u f f i c i e n t  data was a v a i l a b l e  on t h i s  product.  Itje i n a l  ma te r i a l  selectec 

as the i nne r  chamber wa!ls were GARB-I-TEX* 700 and ;OON. These were laminat 

composite g raph i t e  s t ruc tu res .  The chamber 1 i n e r  was CARE-I-TEX 700 w i t h  thc 

laminate perpendicu lar  t o  the cen te r l  i ne ,  w h i l e  t he  t h r o a t  i n s e r t  was CARB- I -  

700N w i t h  the 1 ami nates a 1 so perpendi cu l  a r  t o  t he  c e n t e r l  i ne .  CARB-I-TEX 7001 

the  asme as 700 b u t  has add i t i ona l  f i b e r s  p v + e n d i c u l a r  t o  t h e  laminates t o  

the chances o f  delaminat ion.  This bas i c  chamber design i s  hsown i n  F igure 3 

Th 
CARB- I -TEX 700N 

Figure  3-17, I n s u l a t e d  Graphi te Thrust  Chamber Desi~n 

3.2.2 Thermal Analysis 

Analysis of t h e  above composite design (F igure 3 - i 7 )  was used t o  d e t e n  

the  r a d i a l  temperature d i s t r i b u t i o n  i n  t he  t h r o a t  under s teady-s ta te  condi t' 

f o r  var ious t h r o a t  recovery temperatures. These r e s u l t s  a re  shown i n  Table 

and i n d i c a t e  t h a t  a l l  i n t e r f a c e  temperatures a re  c o m p a t i b l ~  w i t h  t he  se lec t (  

ma te r i a l s .  Previous experimental resu l  t s  (9eference 1 ) i nd i ca tes  t he  throa.  

recovery temperature (Th ) t o  be about 4200°F. 

Tab1 e 3-4. I nsu la ted  Graph i t i c  Thrust  Chamber 
Thermal Analys is  Results 

* 
Carborundum Company 
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4. HARDWARE DESCRIPTION 

The nominal engine design conditions f o r  the t e s t  hardware were 100 1bf 

(444.8 n t . )  vacuum th ru s t  f o r  a nozzle expansion r a t i o  of t = 60 and chamber 

pressure of 100 psia ( 6 . 8 9 ~ 1 0 ~  n t / m 2 ) .  The hardware was designed f o r  operation 

wi t h  the 76% f 1 uorine/24% oxygen oxi di zer and propane fuel ; with prone1 1 ants 

del ivered to  the in,jector a t  -300°F (88.7"K). 

[he bas i c  in jector  u t i l  ized during the program was fabricated during the 

pt*c?vious contract  (Reference 1 ) .  [ilodifications were inade t o  the p i n t l e  assembly 

f o r  t h i s  prograin. 

4. 1 Ii4JECTOR DESIGN 

The basi c in jec to r  was that  developed under Contract lJAS3-11184 (Reference 1 ) 

and i s  shown in Figure 4-1. This in jec to r  a1 lowed the use of various pint les  

t o  allow d i f fe ren t  in te rac t ions  between the primary fuel and oxidizer streams. 

The fuel gap could be varied with the  use of shims placed under the oxidizer 

p in t l e .  Integrated within the  in jec to r  was the  f i lm coolant with 20 holes of 

.020 inch (.000508 m )  diameter directed 15" from the center1 ine. Figure 4-2 

shows a disassembled view of the in jector  parts;  in jec tor  bodv, p i n t l e ,  shims, 

and 'feed adapter .  

Assembly of the in jec to r  i s  accomplished by inser t ion of the p in t l e  in to  

the in jec to r  body with the required shim. The backup shown i s  then placed over 

the p in t l e  and the feed adapter i s  bolted down to  s ea t  the p in t l e  with the 

desired fuel gap. A1 1 seals  with the in jec to r  a re  so l id  aluminum in the 

type "0" condition. 
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Three pint le  design modifications were made during th i s  program and 

are shown i n  Figure 4-3. The baseline design uses to t a l ly  radial oxidizer 

streams. This was the design used in the previous e f f o r t ,  b u t  modified to 

maintain the same momentum ra t io  fo r  the new propellants. The resul tant  

momentum vector from th i s  p in t le  i s  about 8' downstream. Additional pint le  

designs were made to  cant the resul tant  momentum vector fur ther  downstream. 

These are  shown in Figure 4-3a and 3b. These canted the resul tant  propel- 

1 ant stream 30" and 60°, respectively, in an ef for t  to  reduce the in t e r -  

action between the primary propellants and the fi lm coolant. Figure 4-4 shows 

a picture of the three pint les .  Figures 4-5 through 4-7 show each of the 

pintles assembled in the injector  body. 

l a .  Oxidizer Canted 30' 

Figure 4-3 

Injector Pintle Designs 

l b .  Oxidizer Canted 60' 

1c. Basel ine Design 
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Prior to  tes t ing ,  each of the injector configurations were water flowed 

to  obtain the i r  hydraulic character is t ics .  To obtain the various coolant 

flow ra t e s ,  an adjustable metering valve was used to  s p l i t  some of the fuel 

away from the primary injector  core. This was also hydraulically characterized. 

Data from these hydraulic calibrations are shown in Figure 4-8. 

4.2 THRUST CHAMBER DESIGNS 

The basic thrust  chamber design was a thick walled copper chamber with 

thermocouples located axially,  circumferentially and radially to obtain the 

heat t ransfer  information necessary for  the evaluation of the chamber design 

concepts. 

4.2.1 Inter-Regen Thrust Chambers 

Two basic inter-regen thrust  chambers were used during this  program. 

Both were thick walled copper chambers with one using conventional fi lm 

cool ing while the other employed the previously discussed ducted design 

approaches. 

Figure 4-9 i s  a sketch of the film cooled inter-regen thruster design 

with detailed thermal instrumentation. Also indicated in the f igure are the 

resultant momentum vectors from the three pintles previously described. The 

chamber has tapered walls with axial grooves aligned with the film coolant 

streams. These acted to protect the film coolant from the primary combustion 

gases. 

The major chamber design ef for t  associated wi t h  th i s  program was in the 

design of ducted chambers. Figure 4-10 shows the original duct chamber design. 

This design had a modification whereby holes were dr i l led  radially through the 

duct wall to a1 low distributed injection of the coolant. Pictures of the 
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Figure 4-8. In jector  Hydraulic Characterization 
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dis t r ibuted duct cooled t h ru s t  chamber are  shown in Figure 4-1 1 .  Detailed 

thermocouple instrumentation s imi lar  t o  t ha t  on the f i  ln~ cooled th rus te r  

was incorporated in  the duct cooled chambers as indicated in Figure 4-10. 

5 helical  channels 
( .10wx ,050d) 
(1.0 in .  lead)  

- - - 

Fi gure 4-10. Ducted Thrust Chamber Design 

Following t e s t s  on the  original  duct design, a modified duct cooled 

chamber was designed and fabricated.  This design appears in Figure 4-12. 

This design uses a s l i gh t l y  d i f fe ren t  duct channel geometry configuration 

t o  increase the coolant velocity.  Incorporated in t h i s  design (which 

consisted of a two-piece duct)  was the provision t o  extend the duct almost 

to  the th roa t .  Again, bo th  the t o t a l  and dis t r ibuted ducts were fabricated 

and the chamber contained thermocouples fo r  deta i led  thermal information. 

A photograph of the modified duct chamber norts apnears in Figure 4-1 3. 



F i g u r e  4-11. Ducted T h r u s t  Chamber ( W i t h  
D i s t r i b u t e d  F l o w  ~ u c t )  



3 helical  channels 
( , 0 6 6 ~  x .050d) 
(0 .5  in.  lead)  

Figure 4-12. Modified Duct Cooled Chamber Design 
with Instrumentation 

4 .2 .2  Graphitic Thrust Chamber 

The graphi t ic  thrust chamber design described in  Section 3 .2  and shown 

i n  Figure 4-14 reveals the composite nature of the design and the  deta i led  

thermal instrumentation. Figure 4-1 5 shows pre tes t  ~ h o t o g r a ~ h s  of the th rus t  

chamber. 

CARB- I -TEX 700 

CARB- I -TEX 700N 

Figure 4-1 4. Insulated Graphi t e  Thrust Chamber Design 
With Thermal 1nstrumen.tation 
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Figure 4-13. Duct Design Parts and Assembly 
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(a) CARB-I-TEX Chamber Walls 

(b) Thrust Chamber Assembly 

Figure 4-1 5. Insulated Graphiti c Thrust Chamber 

44 



5. EXPERIMENTAL RESULTS 

Upon complet ion o f  t h e  des ign and f a b r i c a t i o n  e f f o r t ,  t h e  exper imenta l  t e s t  

program was begun. T h i s  was o rgan ized  i n t o  two ( 2 )  p r i n c i p a l  tasks ,  f i l m  coo led 

and d u c t  coo led  t e s t i n g ,  f o l  lowed b y  t h e  one g r a p h i t e  chamber t e s t .  These t e s t s  

were conducted i n  t h e  TRW FLOXILPG t e s t  f a c i l i t y  a t  t h e  Capis t rano Tes t  S i t e .  

A schematic o f  t h e  t e s t  f a c i l i t y  i s  shown i n  F i gu re  5-1 and p i c t o r i a l l y  i n  

F i g u r e  5-2. P r o p e l l a n t  c o n d i t i o n i n g  was accomplished wi t h  1 i q u i d  n i  t r o s e n  such 

t h a t  t he  FLOX was d e l i v e r e d  t o  t h e  engine a t  about -310°F (83.Z°K) w h i l e  t h e  

propane was a t  about -290°F (94.3"K). Flow c o n t r o l  was ma in ta ined  th rough  t h e  

use o f  c a v i t a t i n g  v e n t u r i  elements. F i gu re  5-3 shows t h e  t h r u s t  s tand  w i t h  t h e  

copper f i l m  coo led  i n t e r - r e g e n  t h r u s t  chamber mounted f o r  t e s t i n g .  

5.1 INTER-REGEN CHAMBER TESTING 

A l l  b u t  one t e s t  o f  t h i s  program i n v o l v e d  i n t e r - r e g e n  t h r u s t  chambers. 

These t e s t s  were r un  i n  two bas i c  se r i es ,  f i l m  coo led  t e s t s  and duc t  coo led  

t e s t s .  Fo l l ow ing  t h e  i n i t i a l  duc t  coo led t e s t s ,  an a d d i t i o n a l  s e t  of t e s t s  

were performed t o  b e t t e r  d e f i n e  t h e  duc t  opera t ion .  A b r i e f  exp lana t i on  o f  

each t e s t  o r  t e s t  sequence i s  g iven  below. A 1 1  t e s t s  were conducted w i t h  3 chamber 

L* o f  15 inches, an E, o f  4.0 t o  6.0 tapered, an ac o f  35" and an c e  o f  1.75. 

Tests  were r u n  u n t i l  s t eady -s ta te  thermal ope ra t i on  was achieved o r  u n t i l  

excess ive i n n e r  w a l l  temperatures were reached. 

5.1 1  Task I - F i l m  Cooled T e s t i n g  

Th is  t e s t  s e r i e s  was designed t o  o b t a i n  two bas i c  r e s u l t s .  These were 

a  comparison o f  t he  propane f u e l  w i t h  t h e  methane/ethane f u e l  and an eva l  u a t i o n  

o f  t h e  e f f e c t s  o f  changing t h e  i n j e c t o r  r e s u l t a n t  momentuum v e c t o r .  Table  5-1 

summarizes t h e  r e s u l t s  ob ta ined  i n  Task I. 
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FILTER 

Figure 5-1 . Schematic o f  FLOX/LPG Faci 1 i t v  



Figure 5-2,  Overall View o f  FLOX/LPG Facifitv 
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Tes t  1  : Th is  t e s t  was a  system checkout and d i d  n o t  r e s u l t  i n  any 

usefu l  da ta  due t o  poor  f l o w  r a t e  measurement. 

Tests (2-6) :  Th is  t e s t  sequence used t h e  b a s e l i n e  p i n t l e  element and 

i n v e s t i g a t e d  t h e  e f f e c t  o f  t h e  f i l m  coo lan t  percentage. Run d u r a t i o n s  o f  up 

t o  32 seconds were made, b u t  i n t e r - r e g e n  ope ra t i on  was n o t  success fu l  . Typi  c a l  

temperature- t ime h i s t o r y  and a x i a l  temperature v a r i a t i o n  a r e  seen i n  F igures 5-4 

and 5-5.  

Tests  (7 -10) :  Con t inu ing  f r om the  prev ious t e s t s ,  a  s e r i e s  o f  t e s t s  were 

r u n  w i t h  f i x e d  f i l m  coo lan t  percentages, b u t  va r ious  "core"  m i x t u r e  r a t i o s .  Run 

durat-ion inc reased  f o r  t h i s  t e s t  s e r i e s ,  however, f o l l o w i n g  t h e  t e s t s  a  l e a k  

was found between t h e  chamber and i n j e c t o r  r e s u l t i n g  i n  lower  chamber p ressure  

~ n d  hence lower  hea t  loads.  However, these  t e s t s  d i d  n o t  i n d i c a t e  any inc rease  

i n  t he  f i  l m  c o o l a n t  e f f ec t i veness  w i t h  propane as t h e  coo lan t .  Typ i ca l  thermal 

data a re  seen i n  F igures 5-6 and 5-7. F i gu re  5-8 g ives  t he  performance summary 

f o r  these t e s t s .  

Tests  (11-16): Using t h e  30" canted p i n t l e  element w i t h  t h e  purpose o f  

i n c r e a s i n g  t h e  chances f o r  a s t a b l e  f i l m  t o  form on t h e  chamber w a l l s  a t e s t  

s e r i e s  was r u n  w i t h  va r ious  f i l m  c o o l a n t  percentages. Run du ra t i ons  were 

s h o r t e r  than before,  b u t  thermal g rad ien t s  were b e t t e r  i n d i c a t i n g  some decrease 

i n  t he  i n t e r a c t i o n  between t h e  p r imary  combustion gases and t he  f i l m  coo lan t .  

F igures 5-9 and 5-10 show t y p i c a l  thermal data f rom these t e s t s ,  

Tests  ( 1  7-20): S t i l l  u s i ng  t h e  30" canted p i n t l e  element, a  t e s t  s e r i e s  

w i t h  f i x e d  f i l m  coo lan t  percentages and var ious "co re"  m i x t u r e  r a t i o s  was made. 

These r e s u l t e d  i n  somewhat inc reased  run  du ra t i on ,  b u t  s t i l l  no s t eadv -s ta te  

i n t e r - r e g e n  ope ra t i on .  
5 0  



TIME SECBN3S 

Figure 5-4. Transient Thermal Data for the 
Base1 ine Injector ( ~ e s t  6 )  



POSITION, INCHE5 

F igu re  5-5. Ax ia l  Temperature D i s t r i b u t i o n  f o r  t he  
Base1 i n e  I n j e c t o r  (Test 6) 



TEST 8 HB2A-=--186 

TIME SECONDS 

Figure 5-6. Transient Thermal Data for the Baseline 
Injector (Test 8) 
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Figure 5-7. Axial Temperature Distribution fo r  the 
Basel ine Injector (Test 8) 
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Figure 5-8. Basel ine  P in t l e  Performance Effi cieney 



TIflE, SECONDS 

Figure 5-9. Transient Thermal Data for  the 30" 
Canted Injector (Test 13) 



POSITIONt INCHES 

Figure 5-10. Axial Temperature Distr ibution f o r  the  30' 
Canted In jec to r  (Test 13) 



Figures 5-1 1  and 5-12 g i v e  t y p i c a l  thermal data f o r  these runs.  Performance 

data f rom these t e s t s  i s  shown p l o t t e d  i n  F i gu re  5-13. 

These t e s t s  met t h e  requirements o f  Task I and s i n c e  no app rec i ab le  

inc rease  i n  f i l m  c o o l i n g  e f f ec t i veness  was found t h e  t e s t i n g  proceeded t o  t h e  

Task I 1  e f f o r t .  F i gu re  5-14 shows a  p i c t u r e  o f  t h e  f i l m  coo led chamber f o l l o w -  

i n g  t h e  Task I t e s t i n g .  The l a c k  o f  carbon d e p o s i t i o n  i s  t he  ma jo r  f e a t u r e  t o  

be noted. Th i s  was unexpected s i n c e  good carbon depos i t i on  was no ted  i n  

Reference 1  w i t h  t h e  use o f  methane/ethane coo lan t .  

5.1.2 Task I 1  - Duct Cooled T e s t i n g  

The o b j e c t i v e  o f  t h i s  s h o r t  t e s t  s e r i e s  was t o  determine t h e  e f f e c t i v e n e s s  

o f  propane as a  d u c t  coo lan t  and t o  determine t h e  l i m i t s  o f  duc t  ope ra t i on .  Two 

ducted chambers were f a b r i c a t e d  f o r  use w i t h  t h e  30" canted p i n t l e  i n j e c t o r .  

Table 5-2 summarizes t h e  data ob ta ined  i n  Task 11. 

Tests (21-22):  These t e s t s  were i n v a l i d  due t o  a  hard  s t a r t  and f r o z e n  

f u e l  i n  t h e  d b c t  man i fo ld .  

Tests (23-25):  V a r i a t i o n s  i n  "co re"  m i x t u r e  r a t i o  and duc t  c o o l a n t  f l o w  

r a t e  were i n v e s t i g a t e d  i n  these t e s t s  us i ng  t h e  d i s t r i b u t e d  duct .  Test  number 

23 r e s u l t e d  i n  n e a r l y  s teady ope ra t i on  as seen by  t h e  temperature-t ime h i s t o r y  

i n  F i g u r e  5-15. Th is  curve i l l u s t r a t e s  t h a t  t h e  chamber was o p e r a t i n g  i n  t h e  

i n t e r - r egen  cond i t i on ,  b u t  t h a t  t he  hea t  i n p u t  t o  t h e  t h r o a t  was t o o  g r e a t  and 

hence r e q u i r e d  very  h i g h  t h r o a t  temperatures t o  d r i v e  t he  heat  back t o  t h e  

coo lan t .  Tes t  number 24 used a  lower  "co re"  m i x t u r e  r a t i o  and h i g h e r  c o o l a n t  

f l o w  r a t e  t o  ach ieve i n t e r - r e g e n  ope ra t i on  as seen i n  F igure  5-16. Un fo r t una te l v ,  



TEST 17 HB2R-157 

TIME, SECONDS 

Figure 5-11, T r a n s i e n t  Thermal Data f o r  the 30" 
Canted I n j e c t o r  (Tes t  1 7 )  
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Figure 5-12. Axial Temperature D i s t r i bu t ion  f o r  t h e  30" 
Canted I n j e c t o r  (Test 1 7 )  
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Figure 5-1 3. Canted P i n t l e  Performance Eff iciency 
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TEST 23 H B 2 R - 1 5 1  

TIME, SECONDS 

Figure 5-1 5. Transient Thermal Data for the Distributed 
Duct Chamber (Test 23) 



TIVE, SECOWDS 

Figure 5-16. Transient Thennal Data for the Distributed 
Duct Chamber (Test 24) 



t h e  t e s t  was shut  down be fo re  s t eady -s ta te  was achieved; however, t h e r e  i s  

no i n d i c a t i o n  t h a t  i t  would n o t  have been ach ieved w i t h  a  t h r o a t  temperature 

o f  about 1200°F. I t  s h a l l  be no ted  t h a t  on each o f  these t e s t s  t h e  duc t  

c o o l a n t  o u t i e t  temperature was a t  t h e  s a t u r a t i o n  temperature f o r  Dropane as 

was p r e d i c t e d  f o r  t h e  b e s t  case c o n d i t i o n  o f  Sec t i on  3.1.4. F i g u r e  5-17 shows 

t h e  a x i a l  temperature d i s t r i b u t i o n  f o r  t h i s  t e s t .  The isotherms a re  used t o  

determine t h e  conduct ion paths as no ted  i n  F igure  5-35.  The e f f e c t  of decreas ing 

t h e  d u c t  c o o l a n t  f l o w  r a t e  was d r a m a t i c a l l y  no ted  i n  t e s t  number 25 (see F igu re  

5-18) which i n d i c a t e s  t h a t  t h e  reduced coo lan t  was n o t  ab le  t o  s u f f i c i e n t l y  

p r o t e c t  t h e  t h r o a t  reg ion .  These t e s t s  showed t h a t  d u c t  i n t e r - r e g e n  c o o l i n g  

w i t h  propane was p o s s i b l e  and t h a t  t h e  d i s t r i b u t e d  duc t  gave performance increases 

over  t h e  conven t iona l  f i l m  c o o l i n g  case. A photograph o f  t h e  d i s t r i b u t e d  duct  

chan~ber appears i n  F i gu re  5-19. As can be seen, severe e ros i on  o f  t h e  d u c t  e x i t  

has occurred.  Th is  e ros i on  was t h e  r e s u l t  o f  t e s t  number 25 s i n c e  v i s u a l  

i n s p e c t i o n  l o o k i n g  up t h e  nozz le  a f t e r  each o f  t h e  o t h e r  t e s t s  showed no evidence 

o f  e ros ion .  I t  thus appears t h a t  t h e  low coo lan t  f l o w  r a t e  o f  t h e  l a s t  t e s t  

was i n s u f f i c i e n t  t o  coo l  t h e  duct .  As expected t h e  combustion performance was 

h i ghe r  than w i t h  t he  f i l m  coo led  chamber. 

, Tests  ( 2 6 - 2 8 ) :  The t o t a l  duc t  coo led chamber performance and thermal 

c h a r a c t e r i s t i c s  were determined i n  these  t e s t s  under severa l  "co re"  m i x t u r e  

r a t i o  cond i t i ons .  Tes t  number 26 used 60% o f  t h e  f u e l  as c o o l a n t  b u t  o n l v  

one-ha l f  o f  t h i s  was d i r e c t e d  th rough  t h e  duc t  w i t h  t h e  o t h e r  h a l f  be i ng  used 

f o r  conven t iona l  f i  l m  coo l  ing.  As p r e d i c t e d  b y  t h e  i n t e r - r egen  thermal ana l ys i s  

(Sec t ion  3.1.4), t h e  duct  coo lan t  was forced i n t o  t h e  gaseous phase a t  h i g h  

temperatures by  t h e  excess ive hea t  loads. The t r a n s i e n t  thermal data i s  shown 

i n  F i gu re  5-20. The n e x t  t e s t  (number 27) used a11 o f  t h e  c o o l a n t  i n  t h e  duc t ,  

b u t  had a  h i g h e r  " c o r e " m i x t u r e  r a t i o .  The increased duc t  c o o l a n t  decreased the  



POSITIOMt INCHES 

Figure 5-17. Axial Temperature Distribution f ~ r  the 
Distributed Duct Chamber (Tes t  24) 



TEST 25 HB2R-153 

TIMES SECONDS 

Figure 5-98. Transient Thermal Data for  the Distributed 
Duct Chamber (Test 25) 



Figure 5-19. View o f  Distributed Duct Following Three Tes ts  



T I M E ,  SECONDS 

Figure 5-20. Transient Thermal Data for  t h e  T o t a l  
Duct Chamber [Test 26)  



nozzle heat load and allowed the duct coolant t o  remain as saturated vapor 

and 1 iquid, however, the coolant was s t i l l  not suff ic ient  to  adequately protect 

the throat region as noted in Figure 5-21. The final t e s t  with th is  total  duct 

design used a 1 ower "core" mixture and hence more coolant even though the coolant 

fraction remained the same. As can be seen from the transient thermal data 

(Figure 5-22), successful steady-state inter-regen operation was achieved with 

a run duration of 90 seconds. This t e s t  represents the f i r s t  unqualified 

successful inter-regen thrust chamber operation using sDace storable propel lants.  

Figure 5-23 shows the axial temperature distributiorl for  this  t e s t  while Figure 

5-38 i l  lustrates  the isotherms and conduction paths within the thrust chamber. 

A photograph of the total  duct thrust chamber following these t e s t s  appears in 

Figure 5-24. As noted, th i s  duct sleeve was also eroded. The thermal data 

indicates that this  occurred in t e s t  26 when the duct coolant flow ra te  was low. 

The nature of the erosion led to the conclusion that the duct wall thickness was 

too large a t  the ex i t ,  a factor that  was corrected in the design of the next 

ser ies  of ducts. The greatly increased carbon deposition seen in both Figures 

5-19 and 5-24 i l l u s t r a t e s  the increased coolant protection afforded by the duct 

wall. Combustion performance with the total  duct was only marginally lower than 

with ,the distributed duct and as good as with the conventional film cooled 

chamber indi cating that the performance losses predicted for hi gh  duct cool ant 

flow rates was not experienced. 

Following a preliminary data evaluation of these ducts, i t  was decided t o  

perform further duct tes t s  to determine their  limits with a goal t o  conduct a t e s t  

with run duration of 300 seconds. As described i n  Section 4 . 2 . 1 ,  a s l igh t ly  

modified ducted chamber design was made which had provisions t o  extend the 

duct further into the convergent nozzle region. 

7 1 



TEST 27 HB2R-155 

TIME, SECONDS 

F i g u r e  5-21. T r a n s i e n t  Thermal Data  f o r  t h e  T o t a l  
Duct  Chamber ( T e s t  2 7 )  

72 



TIME, SECONDS 

Figure 5-22, T rans ien t  Thermal Data For  the  To ta l  
Duct Chamber (Test 28) 



PQSIPPONo INCHES 

Figure 5-23. Axial Temperature Distribution for  the 
Total Duct Chamber (Test 28) 





Tests (29-30): These tes t s  were of short duration with no meaningful 

thermal data available. Test number 30 had an unintentional fuel lead which 

res ul ted i n a hard s t a r t .  

Test (31): The distributed duct w i t h  no extension was tested with optimum 

"core" mixture and a high cool ant flow ra te ,  however, steady-state operation 

was not achieved. Figure 5-25 shows the transient thermal data for  th i s  t e s t .  

The photographs appearing in Figures 5-26 and 5-27 show the condition of the 

chamber and the duct, respectively. As can be seen, severe throat erosion 

occurred for  the f i r s t  time. This has been attributed to the abrupt duct e x i t  

configuration which acted to produce a turbulent region that  decreased the 

effectiveness of the coolant to protect the throat. As seen in Figure 5-27, 

the duct i t s e l f  was unharmed indicating suff ic ient  coolant flow rate .  

Test (32): Using a backup chamber w i t h  the same distributed duct and 

adding the duct extension, a run was conducted to  evaluate the duct extension. 

A poor fuel spl i t  between the film cool ant and the core resulted in a ver~y 

high "core" mixture ra t io  and poor performance. The transient thermal data i s  

shown in Figure 5-28 and reveals that  steady operation was not achieved. 

Test (33): This t e s t  was the final duct cooled t e s t  on the program and 

used the total  duct design with extension with a high "core" mixture ra t io  and 

film coolant flow rate.  The transient thermal data shown i n  Figure 5-29 shows 

the resul ts ,  310 seconds of operation under steady conditions with high combustion 

efficiency. The oscil lation in the temperature data are caused by carbon flaking 

from the throat and then redepositing. Figure 5-30 shows the axial temperature 

profile.  Photographs of the post-test hardware are shown in Figure 5-31 and 5-32. 

These show the carbon buildup in the throat and nozzle w i t h  no throat erosion, 



TEST 31 HB2A-212 

TIME, SECONDS 

F i g u r e  5-25. T r a n s i e n t  Thermal Data f o r  t h e  Modified 
D i s t r i b u t e d  Duct Chamber ( T e s t  31 







TEST 32 HB2R-213 

TIME2 SECONDS 

F i g u r e  5-28. T r a n s i e n t  Thermal Data f o r  t h e  Modif ied  
D i s t r i b u t e d  Duct Chamber (Test 32) 



TEST 33 HB2A-214 

TIME 8 SECONDS 

Figure 5-29. Transient Thermal Data For t h e  M o d i f i e d  
Total Duct Chamber ( T e s t  33) 



TEST 3 3 HB2Ft- 2 14 

POSITIONI INCHES 

F i g u r e  5-30. A x i a l  Temperature D i s t r i b u t i o n  f o r  t h e  P lod i f ied  
To ta l  Duct Chamber (Tes t  33) 







Figure 5-31 shows the inside of the chamber and the extremely good condition 

of the duct and i t s  extension. Figure 5-33 shows a post-test view of the 

injector with deposits of carbon and various fluorides coated on i t s  face.  

I t  should be noted that even with these deposits surrounding the pint le  and 

fuel sheet combustion performance remained high. Further thermal analyses of 

this  t e s t  i s  found in Section 5.3.2. 

5.2 GRAPHITIC CHAMBER TESTING 

A single t e s t  was performed using an insulated graphitic material thrust  

chamber with conventional film cool i n g .  This chamber internal contour was 

geometrical ly similar to  the copper inter-regen thrust chamber. The t e s t  

objective was to determine the throat erosion and carbon deposition character- 

i s t i c s  with a hot inner wall chamber. The results of t e s t  number 34 are 

pictured in Figure 5-34. In a run duration of about 40 seconds the chamber 

burned through in the head end region about 1-2 inches (.0254-. 0508 m )  below 

the injector.  The burn-through appeared to.be aligned with the oxidizer s 

streams for  the injector.  The throat exhibited very 1 i t t l e  erosion or carbon 

depos i  t i  on. 

5.3 DATA EVALUATION 

Following the t e s t  program, a complete evaluation of a1 1 data was made 

a n d  i s  reported in the following sections with emphasis on the s ~ e c i f i c  

objectives of each program task. Table 5-3 summarizes a l l  of the t e s t  data. 

Since the primary parameters were those required for  thermal analysis the 

combustion performance was uncorrected for the effects  of f r ic t ion ,  nozzle 

entrance effects ,  heat transfer,  e tc .  I n  the worst case, this correction 

would only amount to  about 3%. Appendix A gives a complete compilation of the 
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thermal data ob ta ined du r ing  the  program i n c l u d i n g  both temperature- t i  me and 

temperature-posi t i o n  p l o t s .  

5.3.1 F i l m  Cooled Tests 

The p r i n c i p a l  r e s u l t  o f  these t e s t s  was t h a t  propane was shown t o  have no 

advantage as a  convent ional f i l m  coo lan t  over the  methane/ethane f u e l  b lend 

p rev ious l y  inves t iga ted .  L i q u i d  propane could n o t  be made t o  p e r s i s t  over 

more than about t h e  f i r s t  0.5 i n c h  C.00127 m) o f  t h e  copper t h r u s t  chamber w a l l .  

This was a t t r i b u t e d  t o  both the  phys ica l  p rope r t i es  o f  propane and t o  t h e  shear 

i n t e r a c t i o n  w i t h  t h e  pr imary i n j e c t i o n  element. It i s  important  t o  no te  t h a t  a  

t e s t  us ing MMH as the  f i l m  coo lan t  (Reference 1 )  r e s u l t e d  i n  t h e  coo lan t  remaining 

on the  w a l l  and thus i n d i c a t i n g  t h a t  t h e  phys ica l  p r o p e r t i e s  o f  the  coo lan ts  

determine i t s  f i l m  coolant  s t a b i l i t y  and t h a t  i n j e c t o r  i n t e r a c t i o n s  a r e  o f  

secondary importance. However, d i f f e rences  i n  the a x i a l  temperature p r o f i l e s  

fo r  the two d i f f e r e n t  i n j e c t o r  p i n t l e s  d i d  i n d i c a t e  t h a t  mix ing between t h e  

pr imary p r o p e l l a n t s  and the  f i l m  coo lan t  was occurr ing.  The base1 i n e  p i n t l e  gave 

maximum temperatures i n  t h e  head end reg ion  o f  t h e  chamber i n d i c a t i n g  a  h i g h  

degree o f  i n t e r a c t i o n  and r e s u l t a n t  h igh  m ix tu re  r a t i o s  i n  the region,  w h i l e  the  30 

canted p i n t l e  y i e l d e d  the  more convent ional thermal p r o f i  l e s  w i t h  the  maximum 

temperature near the  t h r o a t  region.  I n  add i t i on ,  i t  was found t h a t  t h e  use o f  

propane as t h e  f i l m  coo lan t  d i d  n o t  r e s u l t  i n  any increase i n  carbon d e p o s i t i o n  

i n  the nozz le  as had been expected. This cou ld  perhaps be due t o  some unexpected 

k i n e t i c  e f f e c t s  i n  the  decomposit ion o f  t he  propane. 



5.3.2 - Duct Codled Tests 

The major por t ion  of data analysis was expended on the duct cooled tests.  

The resu l ts  of tes ts  24, 28 and 33 were analyzed using the thermal model 

previously described (Figure 3-16). Using the measured thermal data from the 

thermcouples as the program input  the heat loads and heat fluxes were 

determined for each o f  tnese tests.  The select ion of these tes ts  f o r  analysis 

was based upon t h e i r  successful operation i n  an inter-regen mode. The analysis 

w i l l  be used t o  determine the effects of the d i f f e r e n t  duct geometries on the 

chamber thermal operating character is t ics.  

5.3.2.1 Test Humber 24 
,3 

This t e s t  used the d is t r ibu ted  duct and ran f o r  90 seconds. True steady-s ; 
I 
3 

operation was not achieved bu t  the t e s t  was s u f f i c i e n t l y  close t o  thermal equi l  1 
t o  warrant f u r t he r  analysis. Figure 5-35 shows the thermal d i s t r i b u t i o n  w i t h i n  1 

4 
the chamber. The isotherms and heat conduction paths are noted on the f igure .  

rr" 
The thermal analysis indicated a t o t a l  rn ter -  heat load o f  5.2 Btu/sec (54 

This i s  somewhat higher than desired if the throat  tenperaiure i s  t o  remain ! 
i 

below the mater ial  l i m i t s .  Figure 5-36 shows the accumulated heat load and 7 

heat f l u x  va r ia t ion  w i t h  ax ia l  posi t ion. As can be seen the heat input  t c  the i 
nozzle i s  conducted by t j e  t o t a l  length o f  the chamber w i th  the major m r t i o n  1 
o f  i t  being absorbed by the duct coolant i n  the i n i t i a l  region o f  the duct. 1 
Figure 5-37 shows the ax ia l  temperature d i s t r i bu t i on  on the chamber s ide o f  the 

duct. Three d i s t i n c t  regions can be noted. These are regions i n  wtiich the 

coolant chdnges i t s  f i l m  coef f ic ient .  The i n i t i a l  region i s  associated w i t h  

heat transfer t o  turbulent  l i q u i d  flow and/or t o  a nucleate b o i l i n g  l i q u i d .  
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AXIAL POSITION - IN. (CM) 

F i g u r e  5-36. A x i a l  Heat Load and Heat F l u x  f o r  Duct Tes t  24 



TEM 

AXIAL POSITION - IN. (CM) 

Figure 5-37. Axial Duct Temperature Distribution f o r  Duct Test 24 



Region I I  corresponds t o  a  f i l m  bound r e g i o n  w i t h  a  l a r g e  i nc rease  i n  temper- 

a t u r e  w h i l e  r e g i o n  I11 corresponds t o  hea t  t r a n s f e r  t o  t h e  two-phase c o o l a n t  f l u i d .  

5 , 3 . 2 . 2  Tes t  Number 28 

The t o t a l  duc t  was used f o r  t h i s  t e s t  and r e s u l t e d  i n  a  s t eady -s ta te  r u n  

o f  90 seconds du ra t i on .  F i gu re  5-38 shows t h e  thermal d i s t r i b u t i o n  w i t h i n  t h e  

chamber w i t h  isotherms and hea t  conduc t ion  paths noted. Thermal a n a l y s i s  gave 

t h e  i n t e r - r e g e n  hea t  l o a d  as 4.45 B tu l sec .  (4690 w a t t s ) .  Th is  i s  low enough 

t o  a1 low t h e  t h r o a t  t o  opera te  a t  temperatures w e l l  below t h e  m a t e r i a l  1  i m i  t s .  

The reduced hea t  loads i n d i c a t e  t h a t  t he  t o t a l  duc t  ac ts  more e f f e c t i v e l y  than  

t h e  d i s t r i b u t e d  duc t  t o  p r o t e c t  t h e  nozz le  f rom t h e  combustion gas. Th is  was 

expected s i nce  t he  a c t u a l  c o o l a n t  f low r a t e  e x i t i n g  t h e  t o t a l  d u c t  was g r e a t e r  

than  t h e  d i s t r i b u t e d  duct .  F i gu re  5-39 shows t h e  accumulated h e a t  l o a d  and 

heat  f l u x  a x i a l  v a r i a t i o n .  Again, most o f  t h e  conducted hea t  i s  absorbed by 

t he  c o o l a n t  i n  t h e  i n i t i a l  d u c t  reg ion .  The duc t  coo lan t  heat  t r a n s f e r  charac te r -  

i s t i c s  no ted  on t e s t  number 24 a re  a l s o  no ted  on t h i s  t e s t  as seen i n  F i gu re  5-40. 

This i s  t o  be expected f rom t h e  s i m i l a r  geometries and h e a t  loads i nvo l ved .  

5.3.2.3 Test  Number 33 

/I t e s t  d u r a t i o n  o f  310 seconds was accomplished us i ng  t he  m o d i f i e d  t o t a l  

duc t  design. The success o f  t h i s  t e s t  was p r i n c i p a l l y  t h e  r e s u l t  o f  moving t h e  

duc t  e x i t  t o  j u s t  upstream o f  t h e  t h r o a t .  Previous t e s t s  w i t h  t h e  mod i f i ed  duc ts  

c u t  o f f  a t  t he  beg inn ing  o f  t h e  convergent r eg ion  were ve ry  unsuccessfu l  due t o  t h e  

f o rma t i on  o f  a ve r y  t u r b u l e n t  r eg ion  f o l l o w i n g  t h e  end o f  t h e  duc t .  F i gu re  5-41 

shows t h e  temperature d i s t r i b u t i o n ,  isotherms and hea t  conduct paths f o r  t h i s  

t e s t .  An i n te r - r egen  heat  l oad  o f  3.83 Btu/sec. (4035 w a t t s )  was determined f rom 

t h e  thermal model. Th is  i s  app rec i ab l y  lower  than f o r  t h e  o t h e r  ducted chambers 



--
--

C
O

N
 

D
U

C
T

IO
N

 P
AT

H
S 

F
ig

ur
e 

5-
38

. 
T

em
pe

ra
tu

re
 D

is
tr

ib
u

ti
o

n
 

fo
r 

D
uc

t 
T

es
t 

28
 



Figure 5-39. Axial Heat Load and Heat F l u x  f o r  Duct Test 28 



TEMP 
0 

(5.1 ) (706) 
AXIAL POSITION - IN. (CM) 

F igu re  5-40. A x i a l  Duct  T e ~ p e r a t u r e  D i s t r i b u t i o n  f o r  Duct Tes t  28 
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as indicated by the lower throat temperature. Figure 5-42 shows the accumulated 

heat load and heat flux axial variation for  this  t e s t  and  reveals a greatly 

different  coolant heat input distribution. The heat input to the coolant 

i s  much more distributed than in the previous t e s t s .  Another indication 

of this  i s  revealed in the axial temperature on the chamber side of the duct 

(Figure 5-43). Apparently, the reduced heat loads and higher duct coolant 

pressure of th i s  t e s t  have eliminated the film bound region (region 11) 

previously observed. 

5.3.2.4 Final Duct Inter-Regen Thermal Model 

Based on the data evaluation of the three successful inter-regen t e s t s  

previously discussed, a duct cooled inter-  regen thermal model was formulated. 

This appears in Figure 5-44. Duct design should account for the various flow 

regions that  were experimentally found; however, different propellants or 

duct configurations may eliminate some of the regions. A t  present, i t  i s  verv 

d i f f i cu l t  to accurately estimate the carbon resistance in the nozzle since 

many complex mechanisms are involved in th is  process. 

5.3.3 Graphitic Chamber Test 

The insulated graphitic thrust chamber t e s t  resulted in a burn t h r o u g h  in 

the head end chamber region a f t e r  40 seconds of operation. The burnout 

appeared to be direct ly  in 1 ine with the primary oxidizer streams with burnout 

being caused by a combination of high local temperature from the mixing of the 

oxidizer and film coolant and the oxygen present in the fluorinated oxidizer. 

Unfortunately, this  was the only chamber available so that no tes t s  with a 

ducted graphi t i c  thrust chamber could be made. 



AXIAL POSITION - IN. (CM) 

F i g u r e  5-42. Axial  Heat  Load and Hea t  F lux  f o r  Duct T e s t  33 



TEM 

(2.5) (5.1) ( 7 4  

AXIAL POSITION - IN. (CM)_ 

Figure 5-43. Axial iluct Temperature Distribution for  Duct Test 33 



DUCT COOLED INTER-REGEN HEAT INPUT 
REGION REGION 

. v ' CARBON 
DEPOSITION 

Q~~~~~~ 

- QCHAMBER - h g  (X) ACH (TCORE - TWC (X) ); hg = GAS FlLM COEFFICIENT 
(BARTZ) 

Qcl = qCIQCH + qNIQN = hlAl (TW ( X )  - TCOOL ); h = TURBULENT FLOW FILM 
COEFFICIENT 

bc2 = qC2bCH + qN2bN = h2A2 (TW (X) - TSAT); h2 = NUCLEATE BOILING FILM 
COEFFIC IENT 

bC3 = qC3QCH + qN3QN = h3A3 (TW (X) - TSAT); ha = TWO-PHASE FlLM BOILING 
FlLM COEFFICIENT 

Figure 5-44. Duct Cooled Inter-Regen Thermal Model 



6. DISCUSSION A N D  CONCLUDING REMARKS 

This section discusses the  basic resu l t s  of the experimental s tudies  

and data evaluation. Also given a re  some basic recommendations concerning 

the design of inter-regen th rus t  chambers employing the space s torable  

propel 1 ants .  

6.1 EXPERIMENTAL RESULTS A N D  DATA EVALUATION 

The principal  objective of th i s  program as previously s t a t ed  was to  

obtain a  be t t e r  understanding of the mechanisms and factors  af fect ing in te r -  

regen operation of a  t h ru s t  chamber using the space s to rab le  propellants .  

Speci f i  c  objectives were: 1 1 t o  invest igate  propane as a  cool an t  and compare 

i t  t o  methanelethane, 2 )  t o  determine the e f fec t  of coaxial in jec to r  ~ i n t l e  

variat ions on inter-regen operation, 3) to  determine the l imi ts  and operational 

charac te r i s t i c s  of a  ducted inter-regen chamber and 4 )  t o  experimental 1 y t e s t  

a  graphi t ic  material chamber w i t h  the f i lm cooled coaxial in jec to r  to  determine 

carbon deposition and erosion charac te r i s t i c s .  Each of these objectives are 

discussed below. 

6.1.1 Propellant Effects 

The principal e f f ec t  of changing t o  propane as the coolant f l u id  i s  

associated with the differences in physical properties of various L P G  propel- 

l an t s .  A secondary e f fec t  i s  the change in the optimum mixture r a t i o .  Propel- 

l an t s  with a  lower optimum mixture r a t i o  allow the use of more fuel as a  coolant 

and consequently i f  the coolant capab i l i t i e s  of the lower mixture r a t i o  fuel 

a re  the same, be t t e r  inter-regen operation should be achieved. The primary 



reason f o r  t h e  s e l e c t i o n  o f  propane as t h e  f u e l  f o r  t h i s  program was t o  

examine t h e  e f f e c t  t h a t  a  h i ghe r  s a t u r a t i o n  temperature and hence w ide r  

l i q u i d  range would have on t h e  coo lan ts  e f f e c t i v e n e s s .  I n  a d d i t i o n ,  propane 

should  have b e t t e r  carbon depos i t i on  c h a r a c t e r i s t i c s  due t o  i t s  h i g h e r  

carbon t o  hydrogen r a t i o  than t h e  methanelethane f u e l  b lend. However, t h e  

exper imenta l  r e s u l t s  o f  t h e  Task I t e s t i n g  d i d  n o t  reveal  any i nc rease  i n  

t he  e f f e c t i v e n e s s  o f  propane as a  c o o l a n t  w i t h  t h e  t e s t  c o n d i t i o n s  and hardware 

used. Thermal data d i d  n o t  i n d i c a t e  t h e  presence o f  l i q u i d  propane f o r  more 

t h r ; n  about 0.5 i n c h  o f  t h e  chamber. Th is  r e s u l t  was a n a l y t i c a l l y  s u b s t a n t i a t e d  

by t he  a n a l y s i s  o f  Sec t i on  3.1.3. I t  i s  d i f f i c u l t  t o  make a  comparison o f  

-i'uels f o i b  t h e  duc t  t e s t  s i n c e  methanelethane was never used w i t h  t h e  duc t  con- 

* ; , , g u r d t i o n ,  Reference 1  r epo r t ed  heavy u n i f o r m  carbon depos i t s  i n  t h e  nozz le  

us ing  60% f i l m  c o o l i n g  w i t h  methanelethane; however, t he  Task I t e s t s  d i d  n o t  

result i n  n e a r l y  as good carbon depos i t i on ,  A p r e c i s e  exp lana t i on  o f  t h i s  e f f e c t  

i s  unknawn a t  t h i s  t ime  b u t  perhaps i t  i s  due t o  c e r t a i n  k i n e t i c  e f f e c t s .  

P,nothek+ pnss i  b i l  i ty  i s  a  temperature d i f f e r e n c e  i n  t h e  boundary l a y e r  o f  t he  

two coo lan ts .  Reference 4 found a  ve r y  s t r ong  temperature i n f l u e n c e  on carbon 

depos i t i on ,  I t  i s  thus  t he  conc lus ion  o f  t h i s  program t h a t  propane was no b e t t e r  

and f n  some respec ts  worse than methanelethane as a  convent iona l  f i l m  coo lan t .  

6 1 2 - Coaxia l  I n j e c t o r  E f f e c t s  

The r e s u l t s  o f  Reference 1  i n d i c a t e d  t h a t  perhaps t he  combustion zone 

produced by the  c o a x i a l  i n j e c t o r  was i n t e r a c t i n g  w i t h  t h e  f i l m  c o o l a n t  and 

decreas ing i t s  e f f e c t i v e n e s s .  Th is  r e s u l t  was p a r t i a l l y  d i scoun ted  f o l l o w i n g  

a  t e s t  r epo r t ed  i n  Reference I where MMH was used as t he  f i l m  c o o l a n t  w h i l e  

ma in ta i n i ng  the  FLOX/methane/ethane core.  Th is  t e s t  showed l i q u i d  MMH a l ong  

the e n t i r e  l e n g t h  o f  t h e  chamber and hence i n d i c a t e d  t h a t  the p r ima ry  p rope l -  

lants i n t e r a c t i o n  w i t h  t h e  f i l m  coo lan t  was smal I .  However, any i n t e r a c t i o n  



i s  apparen t l y  amp1 i f i e d  w i t h  t he  use o f  v o l a t i l e ,  low v i s c o s i t y  p r o p e l l a n t s  

as f i l m  coo lan ts .  Th is  program i n v e s t i g a t e d  the  i n t e r a c t i o n  e f f e c t  b v  us ing  

two p i n t l e  v a r i a t i o n s .  One was t h e  same as was used w i t h  t h e  methane/ethane 

coo lan t  w i t h  t h e  p r imary  p r o p e l l a n t  r e s u l t a n t  momentum v e c t o r  canted o n l y  8" 

downstream w h i l  e  t h e  o t h e r  canted t h e  r e s u l t a n t  momentum v e c t o r  another  30" 

downstream. The base1 i n e  p i n t l e  element t e s t s  r e s u l  t e d  i n  h o t  spots  i n  t h e  

head end p o r t i o n  o f  t h e  chamber i n d i c a t i n g  i n t e r a c t i o n  between t h e  p r imary  

p r o p e l l a n t s  and t h e  f i l m  c o o l a n t  w i t h  subsequent combustion ad jacen t  t o  t h e  

chamber w a l l .  The 30" canted element d i d  n o t  reduce t h e  h e a t  loads s u f f i c i e n t l y  

t o  a1 low s teady -s ta te  i n t e r - r e g e n  opera t ion ,  b u t  i t  d i d  r eve rse  t he  a x i  a1 

thermal g rad ien t s  t o  t h e  more conven t iona l  t rends  which a1 lowed conduc t ion  

f r om  t h e  t h r o a t  toward t h e  i n j e c t o r .  Th is  i n d i c a t e d  much l e s s  i n t e r a c t i o n  

w i t h  t h e  f i l m  coo lan t .  

6.1.3 Duct Cooled Chamber E f f e c t s  

Bear ing i n  mind t h e  a n a l y s i s  o f  Sec t ion  3.1.3 and t he  exper imenta l  r e s u l t s  

of Task I t h e  obvious s o l u t i o n  i s  t o  p r o t e c t  the  c o o l a n t  f rom t h e  p r ima ry  

combus t i o n  gases. Th i s  cap be  accomplished w i t h  t h e  use o f  a  duc t .  The 

c o o l a n t  i s  then  used t o  keep b o t h  the  duc t  w a l l  cool  by a  r egene ra t i ve - t ype  

ope ra t i on  and t he  t h r o a t  coo l  b y  i n t e r - r e g e n e r a t i v e  ope ra t i on .  This a l l ows  

t h e  coo lan t  t o  be decoupled from any i n j e c t o r  e f f e c t s  p r o v i d i n g  performance 

losses can be  min imized o r  e l  im ina ted .  The ducted chambers t e s t e d  i n  Task I1  

used bo th  d i s t r i b u t e d  and t o t a l  d u c t  c o o l i n g  w i t h  t h e  ducts  ex tend ing  t o  

va r i ous  axial .  p o s i t i o n s  and w i t h  va r ious  duct  e x i t  c o n f i g u r a t i o n s .  The r e s u l t s  

i n d i c a t e d  t h a t  i n t e r - r e g e n  ope ra t i on  was p o s s i b l e  p r o v i d i n g  t h e  c o o l a n t  l e a v i n g  

t h e  duc t  was a l lowed t o  p e r s i s t  through t h e  t h r o a t  and hence p r o t e c t  the  t h r o a t  

r eg ion .  



-- 
il.sis was possible only i f  no 1 arge turbulent region was created a f t e r  the end 

of the duct. TWO t e s t s  resulted in steady-state operation fo r  90 anct . j l O  

seconds and a th i rd  in nearly steady operation f o r  90 seconds. Indications 

were t ha t  the d i s t r ibu ted  duct was in fe r io r  to  the to ta l  duct f o r  protecting 

the th roa t  region, b u t  t h a t  performance was higher. Surprisingly,  perfclrrrrance 
- 

on both types of ducts was higher than with conventional film cooling. lherrnal 

arralys-is of the  successful inter-regen t e s t s  showed t h a t  propane did n o t  r - e n i n i ~  

4 l i q u i d  during i t s  residence within the duct passages, b u t  tha t  two-r~hase 

f l o w  was exi t ing from the duct. Phis i s  what was predicted from the  a n a l y s i s  

r ~ f  Section 3.1 -4. Actually, several heat t r an s f e r  regions are  ysresent w ~ t h i i i  

t t i t ?  ciut.i.. ~ ; s  depicted in the duct inter-regen thermal model shown i r l  Figure 5-44.  

6.1 "4 - kraphi ze - Chamber Effects 

Ihe graphite chamber t e s t  was airned a t  determining the e f f e c t 5  of  carborr 

d e p o s - i ~ i o n  and throat  erosion using the f i lm cooled codxidl injector, 111e l e s t  

reslal ted in severe head end chamber erosion caused b y  the high r n l x i u i  e 1-di  I O  d t  

lire w .~ l  I ,  A combination of high gas temperatures and t l i e  preserice o f  o x y g ~ ~ !  d i  

t h e  ,,!dl1 i s  t h e  most feas ib le  explanation fol t h i s  r e s u l t +  

6 . 2  RECOMMENBATlONS 

1 ilc resu l t s  of t h i s  program have provided considerable a d d i  t-i n~.al data 

on the appl icat-ion of the space s to rab le  propellants t o  i n  t ~ r - r ~ ! j c - n ~ i  ?i c i \ l c ~ ~ : "  

ccso l ed th rus t  chambers. The experimental a c t i  vi t i  es have dernotlstr-dtea succcss i  t i  l 

f nter-regen r per at ion fo r  long duration with high performance and excei l t .~ i t  

i l ~ ~ i i ; b e r  drtd in jec to r  durabi 1 i ty  . 



These ef for t s  have resulted in the basic recommendation that  for  inter- 

regen operation using the space storable propellants the coolant should be 

decoupled from the injection processes. This might be possible with conventional 

film cooling i f  great enough control can be obtained over the chamber mixture 

ra t io  variations and provided interactions between the film coolant and the 

primary combustion gases can be minimized. However, a  greater certainty t h a t  

the coolant and injection processes have been decoupled cap be obtained with 

the use of the ducted chamber. Additional investigations are required to  

further develop and refine the use of ducted chambers from b o t h  a cooling 

effectiveness a n d  overall thruster  performance standpoint. Although combustion 

performance was not found t o  be degraded by high duct coolant flow rates  the 

specific impulse performance s  houl d be determined under simulated a1 t i  tude 

conditions to  investigate possible effects of duct cooling on the nozzle 

al t i tude thrust coefficient. I t  i s  also recommended tha t  the duct cooled 

chamber testing not be limited to metal1 ic  thrust chambers. The graphitic 

materials s t i l l  offer  great promise and should permit lower coolant flow 

ra te  requirements. 



APPENDIX A 

THERMAL DATA COMPILATION 

A complete compi la t ion  o f  the thermal data from each t e s t  

i s  inc luded i n  t h i s  appendix, i nc lud ing  the  temperature-time 

h i  s t o r y  and the  chamber a x i a l  temperature d i s t r i b u t i o n s .  

Spec i f i c  opera t ing  cond i t ions  f o r  each t e s t  f i r i n g  can be 

found i n  Sect ion 5 (Table 5-3). 
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area 

s p e c i f i c  heat a t  constant  Dressure 

c h a r a c t e r i s t i c  exhaust ve loc i ty  

wave speed 

diameter 

t h r u s t  

wave he ight  

f i lm c o e f f i c i e n t  

heat of vaporization 

enthal py 

channel depth 

s p e c i f i c  impulse 

therrnal conduct ivi ty 

channel spacing 

pressure 

Prandtl Number 

heat f  1 ux 
heat load 

Reynolds Number 

temperature 

ve loc i ty  

flow r a t e  

channel width 

a rea  r a t i o  

e f f i c i ency  

dens i  t , y  

su r f ace  tension 

v i scos i ty  

wave length 

Subscripts  

ox - oxid izer  

f  - fue l  

f co re  - fuel  core 

f coo l ,  f c  - fue l  coolant  

f t o t  - t o t a l  fuel 

o  - s tagnat ion  

g,G - gaseous 

B - l i qu id  

C - chamber 

N - nozzle 
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